Kerogen content plays a significant role in elastic properties due to its low density, and hydrocarbon-filled pores in organic matter generated during different maturity levels will enhance the effect of kerogen in shales. In this study, we develop a shale rock physics model by incorporating Kuster and Toksöz theory and the selfconsistent approximation method to quantify the effects of such factors on elastic properties in shales. Modeling results show that both kerogen content and kerogen-related porosity decrease velocities and density of shales, but kerogen content tends to affect elastic properties more profoundly, and the effect of kerogen-related porosity on the elastic properties only becomes more obvious as kerogen content goes up beyond about 0.1. We also find that the increase in kerogen content increases Poisson's ratio, while the variation in kerogen-related porosity has little effect on Poisson's ratio. Finally, for the reflector model designed in this study, the variations in kerogen content and kerogen-related porosity result in significant and predictable variations in AVO intercept and gradient.
Introduction
Exploration and exploitation of shale gas requires better understanding of rock physics relations between reservoir parameters and corresponding elastic properties. Current shale rock physics models primarily focus on the anisotropy of shales resulting from preferred orientations of clay minerals and interbedded layers between kerogen and other constituents in a shale rock matrix (Zhu et al., 2012; Guo et al., 2012) . On the other hand, according to observations from SEM images, kerogen content may play a more significant role in elastic properties than ever expected due to its low density (Passey et al., 2010) ; also, hydrocarbon-filled pores in organic matter generated during different maturity levels will enhance the effect of kerogen in shales. Therefore, key parameters for the characterization of shales should include both the kerogen content and the associated maturity level. In this study, our objective is to develop a shale rock physics model to quantify the effects of such key factors on elastic properties, and therefore on the seismic response of shales.
Geological observation and rock physics model
In the work of Passey et al. (2010) , SEM images reveal the presence of a nano-porosity system contained within the organic matter. It is estimated that these pores possibly comprise >50% of the total porosity and may be hydrocarbon wet during most of the thermal maturation processes. Figure 1 shows the schematic reproduced after Passey et al. (2010) . The schematic illustrates how 5 wt% (weighted percentage) solid kerogen may eventually take up 20 vol% (volumetric percentage) in a shale rock matrix, due to the lower density of solid kerogen and the presence of hydrocarbon-filled pores in organic matter. The variation in kerogen-related porosity may be related to different maturity levels of the source rock.
In Figure 2 , we illustrate the evolution of solid and fluid constituents in a source rock associated with different maturity levels. For an immature source rock, kerogen has no pores generated inside (Scenario A). As the source rock becomes mature, hydrocarbon-filled pores are generated in organic matter (Scenario B). In addition, the kerogen content in source rock may differ (Scenario C), and as the source rock becomes more mature, more hydrocarbonfilled pores may be generated (Scenario D). According to the above analysis, kerogen content and porosity associated with hydrocarbon-filled pores in kerogen are two important factors for the characterization of source rock and its maturity level, and we define them as K and φ k respectively in this work.
In Figure 2 , the schematic at the lower left illustrates the rock physics workflow we developed to qualify the effect of K and φ k on elastic properties of shales. In the rock physics model, the mixture of kerogen and hydrocarbonfilled pores has non-zero shear modulus (Passey et al., 1990) , and the elastic properties of such a mixture are obtained using a method proposed by Carcione (2001) based on the Kuster and Toksöz (1974) theory. Consequently, the elastic properties of shales consisting of clay and non-clay minerals, kerogen, and fluid-saturated pores are calculated using the self-consistent approximation (SCA) method given by Berryman (1980) . The method provides estimates of self-consistent elastic modulus 
Elastic properties affected by K and φ k
Figures 3 (a), (b), and (c) illustrate the predicted P-and Swave velocity Vp, and Vs, and density ρ for varied kerogen content K and hydrocarbon saturation φ k . We can see that generally the values of Vp, Vs, and ρ decrease significantly as K increases from 0 to 0.3 and φ k from 0 to 0.5. For example, Vp has a value about 3370 km/s for K=0.1 and φ k =0.1, and this value decreases to 2783 km/s for K=0.2 and φ k =0.2. However, compared to φ k , K tends to affect such elastic properties more profoundly. The effect of φ k on the elastic properties only becomes more obvious as K increases beyond about 0.1.
In Figure 4 (a), (b), and (c), we illustrate the results of calculated Young's modulus E and Poisson's ratio v for the same range of K and φ k as those in Figure 3 . The two geomechanical properties are critical for the evaluation of the brittleness index, as higher E and lower v indicate higher potential for shales to be fractured during hydraulic stimulation (Rickman, et al. 2008 ). Interestingly, we can see in Figure 4 (b) that the increase in K increases v, while the variation in φ k has little effect on v. This may imply that compared to E, v is not sensitive to the maturity level of organic matter in shales.
Seismic AVO responses resulting from K and φ k
In Figure 5 , we demonstrate the difference in seismic AVO responses resulting from variations in K and φ k . For the geological model shown in Figure 5 (a), Figure 5 (b) illustrates how the variations in K and φ k affect the acoustic impedance Ip of shales. We consider two cases as indicated by blue and red solid circles, respectively. The blue circle represents values of K and φ k of 0.05 and 0.1 respectively, while the red circles corresponds to values of 0.15 and 0.3. The corresponding AVO curves are calculated using numerical solutions of the Zoeppritz equations and are displayed in Figure 5 (c) using the same colours corresponding to the two cases in Figure 5 (b) . We can see that the difference in AVO responses resulting from the variations in kerogen content and associated hydrocarbon saturation is quite obvious. Figure 6 illustrates the calculated AVO intercept P and gradient G corresponding to the variation in acoustic impedance Ip in Figure 5 (b). We can see that the values of intercept P are negative while those of gradient G are positive, and the increase in K and φ k corresponds to the decrease in P and increase in G.
Conclusions
We have developed a conceptual rock physics model for the characterization of kerogen content and kerogen maturity level in shales. The key factor in the model is the kerogen content K and the proportion φ k of hydrocarbonsaturated pores generated within the organic matter. Results show that compared to the variation in φ k , K has a more profound effect on the geomechanical and elastic properties of shale. Results also indicate that Poisson's ratio v is a good indicator for the variation in K, but it cannot reveal the variation in φ k for the case in this study. AVO modeling reveals that the variations in K and φ k can be identified from AVO gradient and intercept. 
